Introduction
============

Lung disease, *e.g.* chronic obstructive pulmonary disorder (COPD) ranks No. 4 leading cause of death in the world \[[@b1]\]. For patients 65 years or below, lung transplantation may be considered appropriate. Yet before the scarce donated lung was acquired, they have to suffer from the pain for a long period \[[@b2]\]. The regeneration of distal lung tissue *via* tissue engineering thus raises the possibility to treat distal lung diseases as an alternative for organ shortage.

Gas exchange between air and blood mostly takes place in pulmonary alveoli (an important part of lung). Alveoli epithelial cells consist of type I (AE1) (\>95%) and type II (AE2) (\<5%) cells. AE2 cells synthesize and store surfactant protein in lamellar bodies and secrete it into the alveolar space. Such surfactant protein is responsible for stabilizing alveoli and decreasing surface tension, thus facilitating gas exchange \[[@b3], [@b4]\]. SpC is a hydrophobic protein. Its main role is to promote the absorption and distribution of phospholipids to the alveolar air/liquid interface, aid the formation of phospholipid monolayer and decrease the surface tension to a minimum.

Tissue engineering, a rising interdiscipline developed in late 1980s, has made breakthroughs in various tissues, *e.g.* bone, cartilage, kidney and cardiac muscle, etc. \[[@b5]--[@b12]\]. Scaffold is an important aspect of tissue engineering. Of critical importance in scaffold selection to develop of lung tissue are the elasticity and absorption kinetics of the material used. Porosity of the scaffold is also taken into consideration. In prior studies, many materials were used as scaffolds in lung tissue engineering, *e.g.* collagen \[[@b13]--[@b19]\], Matrigel \[[@b13], [@b20], [@b21]\], PLLA and PLGA \[[@b20]\]. Mondrinos *et al.* \[[@b20]\] acquired alveolar forming units (AFU) and SpC gene product by using Matrigel. PLLA and PLGA \[[@b20]\] were also employed as scaffolds to reconstruct 3D lung tissue *in vitro*, but these matrices failed to sustain the survival of distal lung epithelial cells. Gelfoam \[[@b22]\] was also used in rats to form porous structures similar to alveolar units. Degradable synthetic matrices used to engineer lung tissues include polyglycolic acid (PGA) \[[@b23]\] in the form of a felt sheet and PGA combined with pluronic F-127 (PF-127) \[[@b24]\]. A novel inverted colloidal crystal (ICC) \[[@b25]\] geometry, a recently identified scaffold with the potential to meet the requirement, is a biodegradable and highly elastic material with shape and pore size similar to that found in the alveolar structure itself.

Defects remain in precisely controlling alveolus-like constructs and maintaining AE2 differentiation despite recent developments. For this reason, selecting a new scaffold material is necessary. Microencapsulation was proposed as a means to protect the enclosed cells from the host immune system \[[@b26]--[@b28]\]. Smaller molecules, *e.g.* oxygen, nutrition and small proteins, can still rapidly equilibrate across microcapsules. Considering the cystoid construct of lung alveoli as well as its fine biocompatibility and controllability in physics parameter of microcapsules, we chose microcapsules to carry out space occupancy from the point of bionics. We could prepare microcapsules by changing the preparing process of the physical parameters to control the size and shape of the alveolar to construct tissue-engineered structures well. So we could effect on the character of alveolus-like structure by changing the physical microstructure of microcapsules. Among microcapsules, APA is most commonly used as microcapsule materials nowadays.

At present, collagen and Matrigel have been successfully used jointly as extracellular matrix (ECM) in the regeneration of cardiac muscle \[[@b29], [@b30]\] and uterine \[[@b31], [@b32]\]. ECM is important in 3D environment because it regulates cell behaviour by influencing cell proliferation, survival, shape and differentiation.

In our study, we have investigated the regeneration of lung tissues *in vitro* by using mice FPCs as seeding cells. Meanwhile, collagen--Matrigel is used as ECM to supply 3D culture condition for cells. APA microcapsules are employed to control the formation of alveolus-like structure.

Materials and methods
=====================

Mice
----

Timed-pregnant Balb/c mice were provided by the Experimental Animals Center of the Beijing Institute of Basic Medical Sciences and kept in a controlled environment with free access to food and water. All experiments were approved by the Animal Experimental Committee of the Beijing Institute of Basic Medical Sciences.

Isolation of FPCs
-----------------

Unless mentioned otherwise, all cell culture materials were purchased from Fisher Scientific (Rome, Georgia). Foetal lungs were harvested from pups at gestational day 18 as previously described \[[@b15], [@b20]\]. Briefly, isolated lungs were rinsed in 1 × phosphate-buffered saline (PBS), minced, and digested with pre-warmed 0.25% trypsin in 1 × PBS for 25 min. at 37°C. Following the trypsin digestion, the enzymatic activity was quenched by addition of two volume equivalents of high glucose DMEM (Gibco, Invitrogen, Carlsbad, CA, USA) containing 10% foetal bovine serum (FBS; Hyclone, Logan, UT, USA), followed by extensive trituration performed with a Pasteur pipette. The resultant homogenates were filtered through a nylon mesh (150 μm; BD Falcon, San Jose, CA, USA) and centrifuged at 800 rpm for 5 min. The cell pellet was resuspended in 1.8 ml of distilled water for 30 sec. to lyse red blood cells, followed by addition of 0.2 ml 10 × PBS. The cells were then pelleted again, resuspended in a defined volume of DMEM containing 10% FBS, and counted in a haemocytometer.

Preparation of microcapsules
----------------------------

We used the three-step encapsulation method to prepare empty microcapsules as described previously \[[@b33]\]. We chose as follow parameters: electrostatic field was 6 kV/1.5 cm, the speed of the pump was 15 ml/hr, needle inner diameter was 0.09 mm. For APA microcapsules, 2 ml 2% sodium alginate was extruded through ID 0.5 nozzle of Encapsular (NISCO, Sweden) into the crosslinking agent (CaCl~2~). The microcapsules were transferred to a 50 ml sterile conical tube and washed successively with 0.55% CaCl~2~, 0.28% CaCl~2~, 0.85% saline, 0.1% CHES (2\[N-cyclohexylamino\]ethan-sulfonic acid) and 1.1% CaCl~2~. Next, the droplets were further crosslinked with 0.05% poly-L-lysine (PLL, MW 15000, Fluka, USA) in D-Hank's for 6 min., washed with 0.1% CHES, 1.1% CaCl~2~, 0.85% saline and coated with 0.05% alginate for 4 min. to form another layer. Later, the microcapsules were washed in 0.85% saline, and the unpolymerized polysaccharide in the core of the microcapsule was dissolved in 0.55 mM sodium citrate for 6 min. Finally, after two rinses in 0.85% saline, the microcapsules were transferred to a 10 ml sterile conical tube and kept under normal culture conditions or 4°C.

Through changing physical parameters, such as voltage, flow rate, concentration of alginate, we could control the size of APA microcapsules when preparing them.

Preparation of the casting moulds
---------------------------------

For the preparation of the moulds, the 2% sterile molten agar was poured into the wells of 12-well plates (1 ml per well). After solidification, four sterile glass capillary tubes (2 ± 0.15 mm in diameter) were plugged in the agar in the four corners at equal interval to form a square. The distance between the two neighboured tubes is the half of the diameter of the well.

Construction of alveolus-like structure
---------------------------------------

The isolated mouse FPCs were resuspended by concentrated culture medium (2 × H-DMEM, 200 U/ml penicillin and 200 mg/ml streptomycin). Then prepared 0.5 ml microcapsules were added in cell suspension. The 0.4 ml liquid collagen type I (1.5 mg/ml) prepared from rat tails were mixed with above-mentioned mixture. The pH of the mixture was neutralized immediately by titration with 0.1M NaOH to 7.2. A basement membrane protein mixture, Matrigel (Sigma-Aldrich, St. Louis, MO, USA), was supplemented at a final concentration of 10%. The final concentration of FPCs was 5×10^6^ cells/ml. The mixture was then transferred into 12-well plate casting moulds. It incubated for 30 min. at 37°C to allow gelation and to form tissue sheet. Thereafter, 2 ml culture medium (H-DMEM, 20% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin) was added to each well. Culture medium was replaced by fresh medium after 24 hrs. After that, the medium was changed every other day.

For control group, the cells and scaffolds complex had no APA microcapsules.

Histological and immunohistochemistry
-------------------------------------

At the culture days of 7, 14 and 21 days, the sheets were frozen in OCT (Sakura Finetek) at −70°C. Frozen sheets were cut into 4 μm thick for haematoxylin and eosin staining, which was performed according to regular procedures.

For immunohistochemical staining, the following primary antibodies were used: pan-cytokeratin (CK) (1:800; Santa Cruz, Santa Cruz, CA, USA) as epithelial cell marker, vimentin (1:1000; Sigma-Aldrich) as fibroblast marker and pro-surfactant protein C (SpC) (1:1200; Chemicon, Temecula, CA, USA) as AE2 cells marker. After incubated with the primary antibodies overnight at 4°C, the sections were incubated with biotin-labelled secondary antibody and streptavidin-horseradish peroxidase (S-A/HRP) (Zymed, San Francisco, CA, USA). Then the sections detected with Diaminbenzidine (DAB) (Sigma-Aldrich). Negative controls were performed by omitting primary antibodies.

Transmission electron microscopy (TEM)
--------------------------------------

For TEM, the lung tissue sheets were fixed in 2.5% glutaraldehyde, post-fixed with 1% osmium tetroxide and embedding in Epon 812. Ultrathin sections were cut with a diamond knife and picked up on copper grids, counterstained with uranyl acetate and lead citrate, and examined with a Philips Technai 10 transmission electron microscope (Philip, Holland, Amsterdam, the Netherlands).

Reverse transcriptase-polymerase chain reaction
-----------------------------------------------

Reverse transcriptase polymerase chain reaction (RT-PCR) was utilized to detect steady-state mRNA expression of surfactant protein C (SpC) for AE2 cells. RT-PCR was carried out as previously described \[[@b20]\] with some modifications. Briefly, total RNA was isolated from sheets and subsequent purification of the RNA-containing aqueous extraction phase on an RNAprep pure Cell Kit (Tiangen, Beijing, China), according to the manufacturer's protocols. The quality of isolated RNA was assessed by measuring the ratio of OD260/OD280 and by electrophoresis in 1% agarose gels with ethidium bromide containing loading buffer. The isolated RNA was reverse transcribed performed with a commercial Quantscropt RT kit (Tiangen), according to the manufacturer's instructions; the resultant complimentary DNA was used for PCR amplification. Briefly, 1 μl cDNA was added to a reaction mixture containing 12.5 μl 2 × GC-rich PCR Master Mix (Tiangen), 9.5 μl ddH~2~O and 2 μl (10 μM) forward and reverse primers optimized for each gene of interest in preliminary experiments. For all genes, a 35 cycle two-step PCR routine with a 45 sec. denaturation step at 94°C and an 80 sec. combined annealing and extension step at 68°C was used (conditions specified by Clontech, Mountain View, CA, for their Atlas gene arrays). Negative controls run for all PCR reactions included no reverse transcription samples to check for genomic DNA, as well as reactions without the addition of the cDNA templates. The primer sequences used in characterization of FPC populations are shown in [Table 1](#tbl1){ref-type="table"} (Clontech Atlas, Mouse 1.2 Array II, Cat. \#7857--1; BD Biosciences ClonTech, Palo Alto, CA, USA).

###### 

cDNA primer sequences used for reverse transcriptase-polymerase chain reaction to test the expression of SpC gene in alveolus-like structures

  **Gene**   **Forward primer**        **Reverse primer**         **Product length**
  ---------- ------------------------- -------------------------- --------------------
  SpC        AGCGAGCAGACACCATCGCTACC   CTCGGAACCAGTATCATGCCCTTC   242 bp

Results
=======

Two-dimensional culture and assessment
--------------------------------------

Upon primary isolation, we cultured FPCs in 2D condition. Under inverted phase contrast microscope we observed that cells survived well, showing fusiform and slabstone mixing growth ([Fig. 1A](#fig01){ref-type="fig"}). The immunohistochemical analysis of primary foetal pulmonary cells demonstrated the presence of mixed cultures comprising fibroblast, epithelial cells and AE2 cells, etc. Epithelial cells and AE2 cells expressed pan-CK and SpC, respectively ([Fig. 1 B and D](#fig01){ref-type="fig"}). Cells were vimentin positive, suggesting the presence of fibroblasts ([Fig. 1C](#fig01){ref-type="fig"}).

![The identification of the mice foetal pulmonary cells (FPCs). (A) Primary FPCs, cultured in 2D *in vitro*, were observed under the inverted phase contrast microscope. The immunohistochemical analysis of isolation of primary FPCs following 2 days cultured in 2D *in vitro*. (B) Pan-cytokeratin (CK)-positive epithelia cells were observed, haematoxylin nuclear counterstaining. (C) Vimentin-positive fibrolasts were showed, haematoxylin nuclear counterstaining. (D) Pro-surfactant protein C (SpC) staining of alveolar type II (AE2) cells, haematoxylin nuclear counterstaining. Bars = 50 μm.](jcmm0015-1878-f1){#fig01}

Gross observation
-----------------

In the static stretch casting mould, lung tissue sheets condensed after 2 days of culture and contracted gradually into a tetragonal shape ([Fig. 2A](#fig02){ref-type="fig"}). After cultured 14 days *in vitro*, the sheets contracted in a butterfly-like shape upon stretch ([Fig. 2B](#fig02){ref-type="fig"}). In 21 days of culture, they maintained their butterfly-like shape ([Fig. 2C](#fig02){ref-type="fig"}). The four glass columns standing in the moulds resisted to contract and prevented the constructs from thickening, providing a static stretch at the same time.

![Gross observation of reconstructed 3D lung tissue sheets *in vitro*. (A) The formation of tissue sheet was observed after reconstructing for 7 days. (B) The sheets contracted and became butterfly-like shape gradually after 14 days of culture. (C) After cultured 21 days, tissue sheets maintained their butterfly-like shape.](jcmm0015-1878-f2){#fig02}

Inverted phase contrast microscope observation
----------------------------------------------

The diameter of prepared APA microcapsules using aforesaid physical parameters was 200--300 μm. We observed the lung tissue sheets under phase contrast microscope ([Fig. 3A--C](#fig03){ref-type="fig"}). The formation of cystic form structure was observed inside a 3D scaffold, especially in the centre of the tissue sheets. APA microcapsules had better integrity in 3D-culture system of the static stretch casting mould. Meanwhile, seeding cells grew well around microcapsules in sheets after cultured 7, 14 and 21 days ([Fig. 3A--C](#fig03){ref-type="fig"}). However, the amount of cells in 21-day-cultured sheet was less than that in 7 and 14 days. We noticed that seeding cells in part of sheets accumulated for growth ([Fig. 3A and B](#fig03){ref-type="fig"}, white arrow).

![The reconstructed alveolus-like structures *in vitro* were observed under phase contrast microscope. The structures were observed after 7 days (A) and 14 days (B). Alginate-poly-[l]{.smallcaps}-lysine-alginate (APA) microcapsules had better integrity in static stretch casting mould 3D culture system; meanwhile, seeding cells grew well around microcapsules in sheets. Cells gathered to grow (white arrow) could be observed in some parts of the alveolus-like structures. (C) After cultured for 21 days, APA microcapsules were intact, but the amount of cells in sheet became small. Bars = 200 μm.](jcmm0015-1878-f3){#fig03}

Histology and immunohistochemistry
----------------------------------

Haematoxylin and eosin staining of sheets revealed branching spherical hollow structures ([Fig. 4B--D](#fig04){ref-type="fig"}). These spherical hollow structures, reminiscent of sacculation, were close to the histology of native mouse lung ([Fig. 4A](#fig04){ref-type="fig"}) in appearance. After 7 and 14 days of culture, haematoxylin and eosin staining demonstrated that reconstructed tissue sheets had alveolus-like structures ([Fig. 4B and C](#fig04){ref-type="fig"}). The nuclei of cells were integral. Cytoplasm could be stained by eosin. The alveolus-like structure was maintained in a 21-day-cultured sheet, but necrosis coincided. The disaggregation of nuclei was observed ([Fig. 4D](#fig04){ref-type="fig"}).

![Haematoxylin and eosin staining of mouse normal lung tissue and reconstructed lung tissue sheets *in vitro*. (A) The picture of mouse normal lung tissue. (B) The tissue sheets had an alveolus-like structure after cultured for 7 days. (C) The alveolus-like structure was shown in 14 days cultured sheet. (D) The alveolus-like structure was maintained in 21 days cultured sheet, but necrosis was observed. Bars = 100 μm.](jcmm0015-1878-f4){#fig04}

Pan-CK, vimentin and SpC positive cells were observed in tissue sheets cultured for 7 and 14 days ([Fig. 5A--F](#fig05){ref-type="fig"}). Immunohistochemically, pan-CK-positive cells were concentrated as monolayer ([Fig. 5A and D](#fig05){ref-type="fig"}) around the alveolus-like structure. Vimentin positive cells were evenly distributed in tissue sheets ([Fig. 5B and E](#fig05){ref-type="fig"}). In addition, AE2 cells were localized in collagen/Matrigel-APA constructs, as illustrated by pro-surfactant protein C immunostaining ([Fig. 5C and F](#fig05){ref-type="fig"}). We found pan-CK-positive cells and SpC-positive cells decreased in 21-day-cultured lung tissue sheets ([Fig. 5G and I](#fig05){ref-type="fig"}). No vimentin-positive results in 21-day-cultured lung tissue sheets ([Fig. 5H](#fig05){ref-type="fig"}).

![Immunohistochemical analysis of reconstructed lung tissue sheets *in vitro.* (A, D) Pan-CK-positive cells were concentrated as a monolayer around of the alveolus-like structures in sheets after 7 and 14 days of culture. (B, E) Vimentin positive cells were distributed in reconstructed tissue sheet after 7 and 14 days of culture. (C, F) SpC-positive cells were detected in sheets after 7 and 14 days of culture. (G, I) Pan-CK-positive cells and SpC-positive cells decreased in 21-day-cultured lung tissue sheets. (H) There were no vimentin-positive results in 21-day-cultured lung tissue sheets. Bars = 100 μm.](jcmm0015-1878-f5){#fig05}

Reverse transcriptase-polymerase chain reaction
-----------------------------------------------

To demonstrate the importance of 3D culture for maintaining distal epithelial gene expression associated with the function of alveolus-like morphogenesis and sacculation ([Fig. 4](#fig04){ref-type="fig"}), we detected the expression of SpC gene in collagen--Matrigel cultures with or without APA microcapsules for 7, 14 and 21 days, respectively, *in vitro*.

The RT-PCR analysis of reconstructed lung tissue sheets with or without microcapsules after 7 and 14 days demonstrated the continuous expression of mRNA for the AE2-specific marker SpC ([Fig. 6C](#fig06){ref-type="fig"}). We concluded that the AE2 cells in tissue sheets with APA microcapsules maintained a differentiated state. Nevertheless, we failed to detect the expression of SpC gene in 21-day-cultured sheets with or without APA microcapsules.

![The analysis of alveolus-like structures used transmission electron micrograph and RT-PCR. The lamellar bodies of foetal pulmonary cells cultured in collagen--Matrigel/APA microcapsules scaffolds under static conditions for (A) 7 days, bar = 1 μm and (B) 14 days, bar = 500 nm. (C) The type II alveolar epithelial marker SpC gene expression was detected by RT-PCR in 3D scaffolds with or without APA microcapsules (C: collagen; M: Matrigel; APA: APA microcapsules).](jcmm0015-1878-f6){#fig06}

Transmission electron microscopy
--------------------------------

The ultrastructural analysis by TEM of reconstructed lung tissue sheets cultured 7 and 14 days *in vitro* showed the presence of sporadic lamellar bodies which stored various surfactants. In 7-day cultured tissue sheets, many lamellar bodies existed around the nucleus ([Fig. 6 A](#fig06){ref-type="fig"}). The number of lamellar bodies in 14-day cultured tissue sheets decreased ([Fig. 6B](#fig06){ref-type="fig"}). The result of lamellar bodies was also evident in previous reports \[[@b16]\]. In our study, the existence of lamellar bodies indicated AE2 cells were proved to maintain differentiated state in alveolus-like structures.

Discussion
==========

In our study, we used type I collagen--Matrigel as scaffold materials and employed APA microcapsules to effect on space occupancy. Seeding cells mixed in above-mentioned materials to reconstruct lung tissue sheets *in vitro*. Meanwhile, we exerted static stretch in culture system. Histological examination, immunohistochemistry, RT-PCR and TEM tests demonstrated that collagen/Matrigel-APA microcapsules scaffolds system could supply FPCs with a well-grown condition and formation of alveolus-like structure and maintain an AE2 differentiated state. Our results may prove significant for engineering distal pulmonary tissues for the future. In addition, engineered lung tissue will play important roles in other fields *in vitro*, *e.g.* drug screening, the establishment of lung development model and the study of lung injury mechanism.

Based on prior studies \[[@b20]\], we used mice foetal pulmonary cells (FPCs) as seeding cells to reconstruct lung tissues *in vitro*. The dissociated FPCs used in this investigation represented a heterogeneous cell population that included epithelial cells, fibroblasts and smooth muscle cells, etc. The 2D condition provides the basis of 3D condition in the study of lung tissue engineering. We tested seeding cells cultured in 2D condition by immunohistochemistry ([Fig. 1B--D](#fig01){ref-type="fig"}). As shown in said pictures, primarily dissociated FPCs contained epithelial cells, fibroblasts and AE2 cells.

AE2 cells play important roles in the repairs and regeneration of lung tissue. Normal repairs of the epithelial layer occur through the proliferation of alveolar type II cells. Their subsequent differentiation to alveolar type I cells is necessary for the proper lung function. So AE2 cell was nicknamed the stem cell-like population of the lung \[[@b34]--[@b36]\]. The AE2 cell has parallel board of layered structures, known as the osmiophilic lamellar body (the main component of the small body of phospholipids). Cells released substances by way of granule exocytosis, spreading to form a layer on the alveolar surface film known as surface-active substance (surfactant). The decreased density of surfactants could reduce alveolar surface tension to prevent the excessive alveolar collapse during expiration. The phenomenon reversed during inspiration. Surfactants were constantly produced by AE2 cells, transported by pinocytotic of AE1 cells, and continuously updated. Based on its importance, it is necessary to investigate AE2 cells in reconstructed lung tissue *in vitro*. In our study, reconstructed lung tissue sheets were cultured for 7, 14 and 21 days *in vitro*. Immunohistochemical staining proved the expression of SpC gene product ([Fig. 5C and F](#fig05){ref-type="fig"}). In addition, SpC gene could be identified by RT-PCR ([Fig. 6C](#fig06){ref-type="fig"}). Lamellar bodies were observed by TEM ([Fig. 6A and B](#fig06){ref-type="fig"}). These results were homologous with the prior study by Mondrinos *et al.* \[[@b20]\] except the expression of SpC gene.

Collagen plays a dominant role in maintaining the biological and structural integrity of ECM. It is highly dynamic, undergoing constant remodelling for proper physiological functions \[[@b37]\]. Such a natural material is most commonly used as a bio-scaffold and merited for its biocompatible, nontoxic and degradable traits. Matrigel, a scaffold composed of basement membrane proteins, is commercially available used to culture a wide variety of cell types. Its essential components are laminin, type IV collagen, heparan sulphate, proteoglycan, entactin, TGFb1, IGF-1 and other ingredients. Matrigel could supply essential ECM components and various cytokine for seeding cells. Collagen combined with Matrigel as scaffold has been widely used in tissue engineering \[[@b6], [@b38]--[@b39]\]. Collagen and Matrigel used as FPCs scaffolds in lung tissue engineering, respectively, have been reported. So far no report is found on their combined use in lung tissue regeneration. In our study, we observed that FPCs had fine growth condition in joint collagen--Matrigel culture system. Gross observation ([Fig. 2](#fig02){ref-type="fig"}) and histological examination ([Fig. 4](#fig04){ref-type="fig"}) demonstrated that tissue sheets were in a fine 3D culture condition. After 7 and 14 days of culture, haematoxylin and eosin staining demonstrated that reconstructed tissue sheets had better activity. The nuclei of cells were integral. Cytoplasm could be stained by eosin ([Fig. 4B and C](#fig04){ref-type="fig"}). We also detected pan-CK, vimentin and SpC positive cells by immunohistochemistry, especially in 7- and 14-day cultured reconstructed tissue sheets ([Fig. 5A--F](#fig05){ref-type="fig"}). However, it is known that the Matrigel will be unlikely to be permitted for clinical use because of several reasons, *i.e.* immunogenicity and many unknown protein compositions. The engineered lung tissue constructed by using collagen/Matrigel as scaffold in this study cannot be used for clinical. It could serve as *in vitro* experimental models for drug screening, lung development studying, and the study of lung injury mechanism, *etc.*

The airway branches from terminal bronchiole to respiratory bronchiole, alveolar duct and alveolar sac by grade in lung. The alveolar duct and alveolar sac have a few common channels. Alveolar sac is the common opening for a number of pulmonary alveoli. Pulmonary alveoli are places for gas exchanges. Respiratory bronchioles, alveolar duct and alveolar sac are attached to pulmonary alveoli. These structures are the ministry of lung breathing. In a human being, the diameter of alveolar is about 200--250 μm in a vesicle-like shape. In prior researches, collagen \[[@b13]--[@b19]\], PLGA or PLLA \[[@b20]\] and Gelfoam \[[@b22]\] used as scaffold to construct alveolus-like structures have made marked progress. Yet a technical obstacle looms large. Scaffold materials had poor pore homogeneity and could not form intact alveoli structures because of the shortfall in processing methods. PLLA and PLGA \[[@b20]\] did not support the survival of distal lung epithelial cells, despite the presence of tissue-specific growth factors. In our study, TEM showed lamellar bodies of AE2 cells in the reconstructed tissues with APA microcapsules whereas RT-PCR identified SpC gene.

The APA microencapsulated material is characterized by its good compatibility and stability with mechanical load capacity. Furthermore, the processing technology of microcapsule has improved in 50 yrs of development. Researchers can effectively control the size of the microcapsules, micro-cyst wall permeability, shape, mechanical strength, etc. More importantly, we could effect on the character of alveolus-like structure by changing the physical microstructure of microcapsules. The electrostatic field of Encapsular generated by the larger then unit volume sodium alginate prepared more calcium alginate gel beads. The particle size was much smaller. The speed of forward pump was faster. The greater amount of sodium alginate delivered in a unit time, calcium alginate gel beads prepared by the greater volume of that size became larger. The smaller the needle used in the preparation of microcapsules used in diameter syringe, the smaller the particle size of microcapsules. With the increase of alginate concentration, microcapsules film thickness increased. Increase in thickness may also be attributed to the increase of anion through the reaction with poly-lysine. The poly-lysine concentration was appropriate. The role of reacting time is important because the parameters will directly affect the permeability of microcapsules. Therefore, such material may be the alveolar space occupying scaffold in the reconstructed process from a bionic standpoint. It is easy to form an alveolus-like structure. In this study, we also made use of the APA microcapsules, whose average diameter was about 200 μm to form an alveolar-like structure as a scaffold apart from the first joint use of collagen--Matrigel. Seeding cells grew well surrounding APA microcapsules in sheets ([Fig. 3](#fig03){ref-type="fig"}). In 7- and 14-day cultured reconstructed tissue sheets, haematoxylin and eosin staining showed that reconstructed tissue sheets had alveolus-like structures ([Fig. 4B and C](#fig04){ref-type="fig"}). From these aspects, APA microcapsules are proved not only to have space occupying effect, but also to possess the potential to be used as seeding cell growth scaffold to form alveolar-like structure. By controlling the size and shape of microcapsules as well as the structure of microcapsules wall, we can also effectively control the microstructure of the reconstructed alveoli. However, the degradation of APA microcapsules is difficult. They will affect the usage as the bionic lung tissue scaffold. At the meantime, as long as APA microcapsules are not strong enough and their fragments fall off from the scaffold, the defects will accelerate the breakdown of the scaffold and the dropped microcapsules pieces might cause blocking. With the improvement of processing methods, microcapsules will have a wide range of applications as a kind of recycled materials in lung regeneration.

Moreover, to improve the quality of lung tissue sheets and facilitate the exchange of nutrition, we used a self-made casting mould during reconstruction in this study. The mould was used to provide static stretch for constructed tissues and prevent the collagen--Matrigel from gradual contraction during the growth of cells to avoid sheets thickening \[[@b40]\]. It could facilitate the survival of the cells at the centre of the reconstructed tissues. By this mould, the viability of cells and the quality of the reconstructed tissues would be improved. It was reported that static stretch had important effects on the characters of cells like muscle \[[@b41]\], alveolar epithelial \[[@b42]\] or renal proximal tubule cells \[[@b43]\]. Stretch also invokes a cascade of events that ultimately results in the cellular growth and tissue regeneration \[[@b44]\]. Therefore, with better nutrition exchange and static stretch, the seeding cells survived. Zimmerman *et al.* has exerted mechanical stretch in the reconstruction of engineered cardiac tissue \[[@b45]\]. Yet so far, no report is found on the use of static stretch in reconstructing distal lung tissues. Because the mechanical environment plays important role in the development, growth and maintenance of internal organs, static stretch shall be used widely in organ tissue engineering \[[@b46]\].

In fact, the reconstructed tissue *in vitro* is different form native tissue *in vivo.* In our study, the results of immunohistochemistry showed that pan-CK-positive cells and SpC-positive cells decreased in 21-day-cultured lung tissue sheets ([Fig. 5G and I](#fig05){ref-type="fig"}). No vimentin-positive results in 21-day-cultured lung tissue sheets ([Fig. 5H](#fig05){ref-type="fig"}). We could not detect the expression of SpC gene in 21-day-cultured lung tissue sheets with or without microcapsules. We presume that reconstructed lung tissue sheets failed to acquire sufficient nutrition from our culture system when sheets cultured for a long time. We therefore believe that 3D culture condition must be improved in future studies. The vascularization of reconstructed tissue will help to resolve these drawbacks in tissue engineering \[[@b47]--[@b49]\]. So the function of vascularization on the reconstructed alveolus-like structure needs to be studied in the future, too.

The alveolus-like structure is promising in respiratory system, developmental biology and regenerative medicine as a research model *in vitro*. It may also be used to replace the damaged distal lung tissues of patients in the future.
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